The current study evaluated Mycobacterium tuberculosis isolates from Rio de Janeiro, Brazil, for genomic deletions. One locus in our panel of PCR targets failed to amplify in ϳ30% of strains. A single novel long sequence polymorphism (>26.3 kb) was characterized and designated RD Rio . Homologous recombination between two similar protein-coding genes is proposed as the mechanism for deleting or modifying 10 genes, including two potentially immunogenic PPE proteins. The flanking regions of the RD Rio locus were identical in all strains bearing the deletion. Genetic testing by principal genetic group, spoligotyping, variable-number tandem repeats of mycobacterial interspersed repetitive units (MIRU-VNTR), and IS6110-based restriction fragment length polymorphism analysis cumulatively support the idea that RD Rio strains are derived from a common ancestor belonging solely to the Latin American-Mediterranean spoligotype family. The RD Rio lineage is therefore the predominant clade causing tuberculosis (TB) in Rio de Janeiro and, as indicated by genotypic clustering in MIRU-VNTR analysis, the most significant source of recent transmission. Limited retrospective reviews of bacteriological and patient records showed a lack of association with multidrug resistance or specific risk factors for TB. However, trends in the data did suggest that RD Rio strains may cause a form of TB with a distinct clinical presentation. Overall, the high prevalence of this genotype may be related to enhanced virulence, transmissibility, and/or specific adaptation to a Euro-Latin American host population. The identification of RD Rio strains outside of Brazil points to the ongoing intercontinental dissemination of this important genotype. Further studies are needed to determine the differential strain-specific features, pathobiology, and worldwide prevalence of RD Rio M. tuberculosis.
Tuberculosis (TB) is a preventable and curable infectious disease that nonetheless remains a significant cause of morbidity and mortality in resource-poor nations (14) . TB also threatens to reemerge in developed nations as a consequence of increased immigration, its synergy with the human immunodeficiency virus (HIV)/AIDS epidemic, and a deprioritization of TB control efforts in public health policy (64) . The principal etiologic agent of human TB is Mycobacterium tuberculosis, but other species within the M. tuberculosis complex (MTC), such as "Mycobacterium canettii" (proposed name), Mycobacterium africanum, and Mycobacterium bovis, are also known to cause TB in humans (30) . Although the MTC is considered a relatively homogenous taxon at the DNA sequence level, an increasing number of species-, lineage-, and strain-specific genetic variations have been revealed by the identification of multicopy repeat elements, targeted interrogations of specific genetic loci, and the comparison of whole-genome sequences of several MTC species and strains (21, 24, 31) . These differences have been exploited as markers for epidemiological purposes and/or to assist in the identification of MTC strains to the species level (4, 30, 31) . As such, these data have informed our understanding of biodiversity among tubercle bacilli with respect to phylogeny, variations in geographic and host preferences, virulence, transmissibility, acquired antimicrobial resistance, and the ability to induce or evade immune responses (7, 13, 23, 42, 43, 46) .
An emerging paradigm of MTC evolutionary biology posits that genetic and biological diversity in MTC species and their sublineages stems primarily from gross genome alterations, such as deletions, insertions, inversions, and duplications, which are collectively known as region-of-difference (RD) loci (13) . Errors in DNA replication, movement of mobile genetic elements, or recombination between adjacent homologous DNA fragments with loss of the intervening sequence repre-sent some of the irreversible changes in genetic makeup that likely produce RD loci (30) . RD loci ranging in size from single-nucleotide deletions to long sequence polymorphisms (LSPs) up to 19.5 kb (29, 31) have been identified, and phylogenetic maps for the evolution of the entire MTC and several of its sublineages have been constructed based on the sequential stepwise acquisition of LSPs (7, 23, 42) . For instance, most non-M. tuberculosis MTC species can be differentiated from M. tuberculosis sensu stricto and "M. canettii" by the characteristic presence of the RD9 deletion (7) . Deletions appear to be particularly well suited as specific markers for defining M. tuberculosis lineages (23) . It is also recognized that discrete acquired single-nucleotide polymorphisms (SNPs) contribute to phenotypic variation within the MTC (26, 48) and that, like LSPs, SNP informatics is a powerful tool for reconstructing familial interrelationships within the MTC (23, 27) .
The epidemiological study of tubercle bacilli in combination with genotyping is important for differentiation of patient isolates, cluster analyses, and contact investigations. M. tuberculosis isolates with identical DNA fingerprints are said to be clustered, and the proportion of clustering in a population is thought to reflect the amount of recent transmission (25) . Large-scale genotyping efforts, by either IS6110-based restriction fragment length polymorphism (RFLP) typing (36, 54, 62) , spacer oligonucleotide typing (spoligotyping) (16, 33) , variable-number tandem repeats of mycobacterial interspersed repetitive units (MIRU-VNTR) analysis (15, 56) , deletion typing, or whole-genome SNP analyses, have greatly improved our understanding of MTC population structure at both a regional and a global level (5-7, 20, 23, 27) . Spoligotype patterns, for example, allow the grouping of epidemiologically important strain families, such as the Beijing, Haarlem, S, T, X, East African-Indian (EAI), and Latin American-Mediterranean (LAM) clades (9) . Although there is a relative paucity of epidemiological studies conducted in countries with high incidences of TB, the available data suggest that families of closely related strains are common in these areas (59) . Studies that segregate M. tuberculosis according to clade are important because the recognition of specific M. tuberculosis subpopulations and/or clones with unique genetic traits and/or particular clinical disease patterns could advance our understanding of the roles of specific genes in pathogenicity and could impact epidemiologically based strategies for combating TB.
The current study was initiated to apply a recently described genomic deletion-based PCR protocol for the differentiation of MTC isolates (30, 31) to a collection of MTC isolates from Rio de Janeiro, Brazil. In the course of that evaluation, we happened upon a novel LSP, now designated RD Rio , that marks a major sublineage of the LAM spoligotype family and the predominant clonally derived M. tuberculosis population causing TB in Rio de Janeiro.
MATERIALS AND METHODS
Study setting. According to the World Health Organization, Brazil ranks 15th on the list of high-burden TB countries and is one of the 22 nations in which 80% of the world's new TB cases occur (65) . Brazil reported 86,881 new TB cases in 2004, which translates to an incidence rate of 60 per 10 5 persons (65) The overall prevalence of M. tuberculosis infection among adults was 77 per 10 5 persons at this time, and the mortality rate from TB in Brazil was estimated to be 7.8 per 10 5 persons, or 14,355 deaths. Approximately 6.2% of adults with TB are thought to be HIV positive, and an estimated 20% of people living with HIV/AIDS have pulmonary TB (66) . Approximately 12% of adult AIDS deaths were due to TB (A. L. Kritski, personal communication). Brazil is one of the few high-TB-burden countries that has the potential to reduce the risk of HIV-related TB, owing to its policy of universal access to highly active antiretroviral therapy (45) . It should be noted that Brazil's current information systems fail to capture an estimated 30% of TB cases and that the treatment dropout rate is about 13% (A. L. Kritski, personal communication). Vaccination with M. bovis BCG was introduced in Brazil in 1940 and has been systematically administered to all infants since 1976 (53) .
Rio de Janeiro is the second largest city in Brazil, with ϳ5.8 million inhabitants. In 2003, Rio de Janeiro City had ϳ8,414 TB cases per year and an incidence rate of 105.5 per 10 5 persons, almost twice as high as the rest of the country overall (57) . In total, 377 deaths related to TB were registered in 2003, with an incidence of 6.3 per 10 5 persons. Official figures estimate that 8% of adult TB patients in Rio de Janeiro have HIV infections (57) . Primary health centers administered by the Rio de Janeiro City Health Department provide free medical treatment to TB patients. The Clementino Fraga Filho University Hospital (UH) of the Federal University of Rio de Janeiro (FURJ), Rio de Janeiro, Brazil, serves a population of ϳ1 million persons. The City Health Care centers have the primary responsibility for treatment of TB cases. The Mycobacteriology Laboratory (ML) of the UH-FURJ provides mycobacteriology culture support to the UH as well as to the City Health Care centers and performs ϳ5,000 cultures annually, ϳ20% of which are positive for growth of M. tuberculosis.
Handling of clinical specimens. The staff of the ML of the UH-FURJ has been unchanged since 2001. Four technicians are involved in the culture setup of clinical samples, where the entire sputum sample, following sodium hydroxide decontamination, is divided into three equal volumes and plated onto Löwen-stein-Jensen (LJ) agar slants. Using a standardized protocol, the mycobacterial culture is (i) inspected under a magnifying glass, first at 48 to 72 h after plating and then twice weekly for as long as 60 days, and (ii) is either recorded as negative after 60 days, given an exact count for colonies numbering 1 to 19, or scored as ϩ1 (20 to 100 colonies), ϩ2 (100 to 200 colonies), or ϩ3 (Ͼ201 colonies [where as many as 500 CFU are enumerable]). The mean of the triplicate is recorded as the colony count for the entire culture.
Data collection. A total of 431 cultures from a repository of mycobacterial cultures (corresponding to 336 patients) were randomly selected by a single technician of the ML, UH-FURJ, from 1,202 positive cultures, covering the period between January 2002 and August 2003, and were subcultured. Among these mycobacterial cultures, 12 mycobacteria other than MTC (MOTT) (from 12 patients) were included in a blinded fashion to challenge the performance of our PCR typing panel. Replicate patient samples were collected from different body sites and/or on different days. The isolates were identified as M. tuberculosis or as MOTT based on standard criteria. Thermolysates were sent to the Weill Medical College, where determinations of identity by genetic methods were finalized for 425 of 431 samples (332 patients), comprising 404 M. tuberculosis, 12 MOTT, and 9 mixed MTC/MOTT samples.
Clinical, radiological, and laboratory data. A retrospective review of all relevant ML UH-FURJ records and the clinical records of the patients was conducted using a standardized questionnaire. Bacteriology data for 400 M. tuberculosis patient isolates included the results of smear staining for acid-fast bacilli (AFB), the quantity of colonies on LJ slants, and sensitivity to anti-TB drugs by the proportion method (10) . Clinical data included gender, age, HIV status, homelessness, intravenous drug use, institutional exposure (medical facility or prison), skin reactivity on the purified protein derivative test, clinical symptoms, and site of TB. In addition, radiological data recorded the presence of pulmonary cavitation, the extensiveness of lung infiltrates, mediastinal adenomegaly, and pleural effusion. The team conducting the record review were blinded to the results of M. tuberculosis strain genotyping. Clinical data were acquired from 146 patient records (47% of all patients, because only the records from patients cared for at the UH-FURJ, and not those from outside health centers, were available).
Cell culture and thermolysis. All clinical cultures were regrown on LJ slants by standard protocols. When the growth was considered to have attained an optimal biomass, 1 ml of TE buffer (10 mM Tris, 1 mM EDTA [pH 7.5]) was added, and the colonies were detached from the solid medium using a 10-l loop. The turbid liquid was transferred to a 1.5-ml Eppendorf tube containing six 3-mm-diameter glass beads and was pulse vortexed for 2 min inside a biosafety cabinet. Subsequently, 10 l of 20-mg/ml proteinase K (Fermentas Inc., Hanover, MD) was added, vortexed, and incubated at 60°C for 4 h, with vortexing every half-hour, until most large clumps were dissolved into the solution. Finally, the tubes were incubated at 80°C for an additional 30 min to deactivate both the proteinase K and any surviving mycobacteria. MTC laboratory strains were grown in 7H9 broth and/or 7H11 agar. To determine the sensitivity of the MTC PCR typing panel when culture thermolysates were used as the source of DNA for PCR, serial 10-fold dilutions of 3-week-old mycobacterial cultures (of various species) were made in TE buffer. These were then plated onto 7H11 agar for CFU counts, and the remaining samples were thermolysed for subsequent PCR testing. The limits of detection of the protocol were estimated based on the final dilution at which clear and interpretable PCR results were obtained and on the calculated CFU counts per milliliter for that dilution. In these experiments, a thermolysate sample volume of 10 l was used for PCR.
PCR amplification. A previously described PCR-based strategy was utilized for the genetic identification of MTC isolates to the species level (30, 31) . The MTC PCR typing panel protocol targets for amplification a set of eight intra-or interspecific RD loci and controls, in separate but simultaneous reactions. The PCRs either amplified successfully or failed, depending on the presence or absence of target genetic regions in each test strain. When the products are separated by agarose gel electrophoresis, the resulting pattern of products is indicative of the MTC species identity (30, 31) . The target gene loci and their primer names, primer sequences, and various amplification product sizes, as well as the programs used to amplify them, are listed in Table S1 in the supplemental material. Primer sequences were either obtained from earlier publications or created as previously described (30) . For PCR experiments to bridge the novel deletion, primer pairs were generated to amplify targets upstream and downstream of, and successively outward from, the putative LSP locus in a chromosomal walking approach. When PCR amplicons were produced on either side of the locus, the appropriate forward and reverse primers were combined to amplify across the altered site. Only the primer pairs that successfully generated products bridging the RD Rio LSP are listed in Table S1 in the supplemental material. The general PCR recipe was identical to that used previously (30, 31) except that 1, 2.5, or 10 l of culture thermolysates was utilized as the source of DNA, depending on the turbidity of the sample (the volume of water was adjusted to give a final PCR volume of 50 l). PCR amplification from DNA thermolysates was performed using the following programs: program 1b (beginning with a denaturation step of 5 min at 94°C, followed by 45 cycles of 1 min at 94°C, 1 min at 60°C, and 4 min at 72°C, and ending with a final elongation step for 10 min at 72°C) and program 2b (program 1b but with an annealing temperature of 65°C). Initially, program 2b was utilized for the MTC PCR typing panel, but in later experiments program 1b was used. In general, more-robust PCR amplicons were produced as a result of this change in protocol (data not shown), and complete typing results with program 1b were acquired for most of the strains that failed to amplify, or that amplified poorly, using program 2b. Mycobacterial strains that repeatedly failed to produce clear and interpretable MTC PCR typing panel results were excluded from further analysis. PCR for principal-genetic-group (PGG) analysis was performed using program 2b, while PCRs for the RD Rio bridge, TbD1 bridge, 16S rRNA, and hsp65 were performed using program 1b.
PGG analysis, PCR-RFLP, and DNA sequencing. PGG segregation was accomplished by comparative analysis of commonly observed SNPs in katG 203 , katG 463 , and gyrA 95 using previously described protocols for RFLP analysis of restriction enzyme-digested PCR products (PCR-RFLP) (22, 31, 52) . The distribution of the SNPs in katG and gyrA indicates that PGG1 strains are ancestral to PGG2 strains, which in turn are ancestral to PGG3 strains. Direct sequencing of PCR fragments was also performed as previously described using combinations of amplification primers and/or primers internal to the target amplicon (see Table S1 in the supplemental material) (31) . The Lasergene program (DNAStar Inc., Madison, WI) was used to analyze the derived sequence data and to compare these data with DNA sequence information downloaded from online databases. Overall, the combined sequence data from each interrogated PCR product spanned nearly the entire locus at least twice over. Consensus sequences were constructed based on alignments of the sequencing results and a careful examination of each electropherogram trace representation of the data. To date, M. tuberculosis sensu stricto strains are more diverse and segregate to PGG1b, PGG2, and PGG3, while other MTC members are restricted to PGG1a or PGG1b (31) . The species identity of each MOTT strain was determined by 16S rRNA (Ͼ1,500-bp) and hsp65 (441-bp) sequence analyses queried against the GenBank database using the BLASTN program and our own in-house database of sequences from species-validated strains of MOTT. A similarity of Ͼ99.5% to the closest relative 16S rRNA or hsp65 sequence, along with identity agreement between these loci, was used as the criterion for the determination of species (12, 41) .
Spoligotyping. All M. tuberculosis strains were spoligotyped using a commercial kit (Isogen Bioscience BV, Maarssen, The Netherlands) (33) . The results were recorded both in a 43-digit binary format representing the 43 spacers and as an octal code (9) . The person who performed the spoligotyping was blinded to the other results of M. tuberculosis strain genotyping. The spoligotype patterns were compared with an updated SpolDB4 database of the Pasteur Institute of Guadeloupe (the initial version is available at http://www.pasteur-guadeloupe (56), and the results from each of the 12 loci were combined to form a 12-digit allele profile. At least one isolate from every patient in the RD Rio and wild-type (WT) LAM groups was evaluated.
MST. Spoligotyping and MIRU-VNTR patterns were introduced into Bionumerics (Applied Maths, Kortrijk, Belgium) using an Open Database Connectivity protocol, and a similarity matrix was constructed using, respectively, the Dice and the categorical index. Minimum spanning trees (MST) were also built from spoligotype and MIRU-VNTR patterns separately for a better understanding of the localization of the RD Rio LSP within the strain set analyzed. For this purpose, either a binary (spoligotype patterns) or a categorical (MIRU-VNTR patterns) similarity coefficient was used, and in both cases, priority for linking was given to spoligotype or MIRU-VNTR patterns that had the highest number of single-locus variants (SLVs). The loss and acquisition of single or multiple copies of repeats in different MIRU-VNTR loci were considered equally probable events for MST. The spoligotype MST was built from a core of 37 different LAM spoligotypes obtained from 150 M. tuberculosis patient strains. For its construction, a binary similarity coefficient and the highest number of SLVs as a priority rule were used; creation of hypothetical links was allowed. Spoligotypes were excluded from the analysis if there were no intermediate patterns or if they differed in more than 2 spacers from the nearest pattern (originally 67 patterns from 180 LAM patient strains). The MIRU-VNTR MST was built from 113 different MIRU-VNTR patterns obtained from 174 LAM M. tuberculosis patient strains. For its construction, a categorical similarity coefficient and the highest number of SLVs as a priority rule were used; creation of hypothetical links was allowed. MIRU-VNTR types were excluded from the analysis if they differed at more than 2 MIRU-VNTR loci from the nearest pattern (originally 119 different patterns from 180 LAM strains).
IS6110-RFLP typing and phylogenetic analysis. Chromosomal DNA extraction and IS6110 RFLP genotyping were performed in accordance with a standard protocol described previously (37, 58) , using an IS6110 right-side-specific probe. The hybridization patterns of clinical M. tuberculosis strains were compared on a Sun Sparc 5 workstation (Sun Microsystems) with Whole Band Analyzer software (version 3.5; BioImage). The similarity of hybridization patterns was calculated by Dice coefficient as previously described (28) . The phylogenetic tree was constructed using Bionumerics software. Clusters were defined as at least two M. tuberculosis strains with identical RFLP profiles isolated from different patients. The investigators performing the methodology were blinded to the WT/RD Rio categorical genotypes of the test strains. Statistical analysis. Statistical analyses were performed using the STATA 7.0 (Stata Corporation, College Station, TX) and Prism 4 (GraphPad Software, Inc., San Diego, CA) programs. Categorical variables were compared by a two-tailed Fisher exact test. The Mann-Whitney test was used for continuous variables. Multiple logistic regression was employed to infer independent associations between clinical and epidemiological variables and the M. tuberculosis RD Rio genotype. Variables were selected for logistic regression when they presented with a P value of Ͻ0.15 in univariate analysis. A P value of Յ0.05 was considered significant.
Approval of the study. The study protocol was approved by the institutional review boards of FURJ and the Weill Medical College of Cornell University, New York, NY.
Additional Web addresses. Additional Web addresses used were http://www .ncbi.nlm.nih.gov for GenBank and BLAST, http://www.sanger.ac.uk/Projects /M_tuberculosis for the Sanger Center, http://genolist.pasteur.fr/TubercuList for Tuberculist, and http://www.pasteur-guadeloupe.fr/tb/SpolDB4 for SpolDB4.
RESULTS

MTC PCR typing panel results.
In Brazil, the proportion of infections caused by MTC species other than M. tuberculosis contributing to the overall TB burden has not been well characterized because, in most diagnostic laboratories, the bio- (Fig. 1A) , the remaining 30% of strains (121 strains from 93 patients) consistently and unexpectedly failed to amplify from the IS1561Ј locus (Fig. 1B) . Previously, M. tuberculosis strains have been identified that failed to amplify from certain loci in the MTC PCR typing panel, and it has been our experience that a novel LSP was present (31) . (The summary data from experiments to estimate the sensitivity of our MTC PCR typing panel are presented in Table S2 in the supplemental material and include additional online text related to samples containing MOTT.) Characterization of the RD Rio deletion. To delineate the boundaries of the potential IS1561Ј-centric LSP, a bidirectional chromosomal walking approach was taken. Using three IS1561Ј PCR-negative Rio de Janeiro M. tuberculosis strains as prototypes, PCR products were eventually generated both upstream and downstream of IS1561Ј in the respective PE_PGRS50 (Rv3345c) and folD (Rv3356c) genes of each test lysate. The upstream forward primer was then combined with the downstream reverse primer to successfully bridge the altered locus, producing a single 2,000-bp PCR amplicon (Fig.   1C) . The products were then sequenced in order to characterize the nature of gene loss at this locus. In later experiments, primers for the bridge PCR were reconfigured so as to amplify a shorter chromosomal fragment (1,175 bp) that also crossed the deleted region. These primers were validated in a set of previously tested isolates and thereafter were used for sequence analysis and to complete the identification of strains.
Sequence analysis of the locus-bridging PCR product provided evidence of a novel RD locus, which we have named RD Rio . In total, 26.317 kb of contiguous DNA sequence was absent (ϳ0.6% of the entire genome) relative to the published sequence of M. tuberculosis strain H37Rv (GenBank accession number AL123456). To our knowledge, the RD Rio LSP represents the single longest chromosomal deletion identified in M. tuberculosis to date; the largest RD previously reported was ϳ19 kb (29) . Ten genes were either removed (Rv3347c to Rv3354) or modified (Rv3346c and Rv3355c) (Fig. 2) (the locations and descriptions of the RD Rio -associated genes are listed in Table S3 in the supplemental material). Among the genes deleted are two PPE genes (Rv3347c and Rv3350c), which code for hypothetical proteins included in a large family postulated to be expressed on the extracellular surface and considered potential antigens for host immunity (13) . The Rv3346c and Rv3355c genes flank those that were deleted in RD Rio and were consequently altered in the production of this LSP. Both genes code for putative integral membrane proteins of unknown function; they are short homologs of one another, have an overall similarity of 85% at the nucleotide sequence level, and share a central stretch of 158 bp that is 100% identical. Sequence analysis of the RD Rio locus failed to identify an exact breakpoint to delineate the boundaries of DNA loss (which would indicate DNA polymerase errors as the mechanism of deletion) but rather uncovered an in-frame chimeric gene in place of the deleted sequence. The chimera has Rv3346c proximally/5Ј (in relation to the plus strand of the mycobacterial chromosome) and then transitions across the 158-bp zone of perfect homology into Rv3355c distally/3Ј (see Fig. S1A and B in the supplemental material). On the basis of these data, homologous recombination between Rv3346c and Rv3355c as a result of a double-crossover event, with excision and loss of the intervening genomic segment, is the proposed mechanism for the derivation of the RD Rio locus and the amalgamation of Rv3346c and Rv3355c to form the new gene Rv3346/55c (see Fig. S1C in the supplemental material). No tandem repeat sequences were evident at the site of gene loss to indicate that the movement of mobile transposable elements may have contributed to the mechanism of deletion (37) .
PCR experiments were then conducted to evaluate the distribution of the RD Rio LSP within the collection of M. tuberculosis strains from Rio de Janeiro (n ϭ 404). All IS1561Ј PCR-negative M. tuberculosis strains (n ϭ 121) amplified an RD Rio bridge PCR product, while most of the IS1561Ј PCRpositive, or "wild type," M. tuberculosis strains (n ϭ 279) failed to generate an RD Rio bridge PCR band (Fig. 1C) . WT strains failed to amplify presumably because the size of the predicted PCR product, at more than 26.3 kb, is prohibitive under the PCR conditions that were utilized. Four samples from three patients, in contrast, repeatedly produced both IS1561Ј and RD Rio bridge PCR products, suggesting a mixed sample population of WT and RD Rio M. tuberculosis strains. To validate this hypothesis, PCR-confirmed WT and RD Rio clones were isolated from each of the two sputum cultures (provided on different days) from patient 315. These four clones were included in the subsequent molecular fingerprint analyses as strains 315c and 315e (WT) and strains 315d and 315f (RD Rio ). No attempts were made to obtain clones from the other two mixed WT/RD Rio samples (each from a different patient), because laboratory contamination could not be conclusively ruled out based on a single culture, and these were excluded from further analysis. The RD Rio bridge PCR products from all strains positive, including 2 of the clonal strains (n ϭ 123), were sequenced and found to be identical across the Rv3346/ 55c chimera.
PGG and TbD1 analysis of Rio de Janeiro M. tuberculosis strains. The RD Rio LSP molecular data suggested that RD Rio strains are clonal in origin. However, the mechanism of deletion for the RD Rio LSP, i.e., homologous recombination between nonmotile genetic elements, may theoretically have been independently reproduced in different lineages as homoplastic LSPs. For this reason, data from additional molecular markers were evaluated in order to clarify the genetic relationships among RD Rio LSP-bearing M. tuberculosis strains. Further molecular characterization of the entire collection of Rio de Janeiro M. tuberculosis strains began with PGG analysis (22, 31, 52) . Notably, the M. tuberculosis WT strains were represented in all three PGGs, whereas the M. tuberculosis RD Rio strains belonged exclusively to PGG2, a result that supports the hypothesis that the latter strains are linked. Table S4 in the supplemental material lists the acquired molecular data by patient and isolate. Lastly, a subset of WT (n ϭ 20) and RD Rio (n ϭ 16) strains, including the four clonal strains, was evaluated for the presence or absence of the TbD1 deletion (31). All M. tuberculosis RD Rio strains had the TbD1 deletion ("modern" lineage) (7) .
Spoligotyping of Rio de Janeiro M. tuberculosis strains. To further dissect the genetic population structure of M. tuberculosis in Rio de Janeiro, and of the RD Rio strains in particular, we spoligotyped the collection of tubercle bacilli and clonal strains (404 isolates from 310 patients). The results of spoligotyping are provided by patient in Table S4 and summarized in  Table S5 , both in the supplemental material, and are described in greater detail in the accompanying online text. Of particular interest was the observation that all RD Rio strains belonged exclusively to the LAM family (P Յ 0.0001 by a two-sided Fisher exact test). The LAM spoligotype signature is characterized by the simultaneous absence of at least spacers 21 to 24 and 33 to 36, and the LAM family is one of the most prevalent and widely distributed strain families in the world (8, 9) . Indeed, 58% of all Rio de Janeiro spoligotype patterns were LAM types. LAM9 is the basic LAM spoligotype and presumably the originator of the LAM lineage (9) . The RD Rio patient strains (34 different spoligotypes) were subtyped mainly as LAM9 (23%), LAM1 (16%), or LAM2 (17%); a smaller number were LAM4 (2%), LAM5 (3%), or LAM6 (2%); and the remaining 37% were a mixture of LAM derivative spoligotypes (50% LAM9-like, 18% LAM1-like, and 32% LAM2-like). On the other hand, LAM3 (19%) was the predominant type among the WT LAM strains; a smaller number were LAM6 (13%), LAM5 (5%), LAM9 (5%), or LAM4 (2%); and the remaining were various other LAM derivative types (56%). Therefore, LAM1 and LAM2 were exclusively of the RD Rio genotype, LAM3 was solely represented in the WT genotype, and LAM4, LAM5, LAM6, and LAM9 were represented in both the RD Rio and WT genotypes. To visualize the potential phylogenetic interrelationships among LAM strains in the sample set, an MST (Fig. 3) was created using the main LAM spoligotypes and the derivative spoligotypes that were part of this complex (37 spoligotypes from 150 strains). As a result, the RD Rio LSP indeed appears to have originated in a WT LAM9 progenitor that then diversified and expanded with the successive loss or disruption of direct-repeat spacer elements. It is quite intriguing that patients with RD Rio LAM9 strains outnumbered patients with WT LAM9 strains by a factor of 4.2, a finding that hints at a difference in fitness. The existence of both WT and RD Rio LAM4, LAM5, and LAM6 strains is suggestive of spoligotype convergence but may also be due to RD Rio LSP homoplasy, as mentioned above. Lastly, the majority of LAM strains are known to be included in genetic cluster VI in whole-genome SNP analyses (27, 34) ; however, it remains to be confirmed whether the same can be said for RD Rio strains. MIRU-VNTR typing of Rio de Janeiro M. tuberculosis LAM strains. In order to more fully characterize the RD Rio strains and to differentiate them from WT LAM strains, MIRU-VNTR typing was performed on LAM isolates of the Rio de Janeiro collection. At least one isolate from each patient (n ϭ 180 TB cases), and each of the patient 315 clonal strains (including here the non-LAM WT clone as well) (n ϭ 4), was evaluated (189 strains in total; MIRU-VNTR typing was performed twice for five patients). Importantly, when multiple strains from the same patient were evaluated by MIRU-VNTR, the results were concordant, as were those for each of Table S4 and summarized in  Table S6 , both in the supplemental material, and are described in the accompanying online text. There were 119 different MIRU-VNTR profiles among the LAM spoligotype strains. When these strains were segregated by RD Rio or WT genotype, 61% of RD Rio patient strains exhibited shared patterns (2 to 7 patients per cluster) while 38% of WT LAM patient strains demonstrated shared patterns (2 to 6 patients per cluster). The tighter association of RD Rio strains into genotypic clusters by MIRU-VNTR (P ϭ 0.0029 by a two-sided Fisher exact test) indicates that as a whole, RD Rio strains may be a more significant source of recently transmitted TB than M. tuberculosis WT strains in Rio de Janeiro. However, a larger population-based epidemiological study is required in order to confirm this hypothesis.
The allelic diversity at each MIRU-VNTR locus, segregated by RD Rio and WT LAM populations, was then determined. As shown in Table S7 in the supplemental material and described in greater detail in the accompanying online text, RD Rio and WT LAM strains can be differentiated by MIRU2 and MIRU40. In fact, MIRU40 was highly discriminatory for M. tuberculosis RD Rio patient strains, since 100% of these strains (n ϭ 94) and just 2% of M. tuberculosis WT LAM patient strains (2 of 86) had a single unit at this locus. MIRU40 has been shown previously to exhibit the greatest global allelic diversity and to be the most differentiating locus for LAM strains (19, 51) . The MIRU2 allele copy number was also highly indicative of M. tuberculosis RD Rio patient strains, since 98% (91 of 94) of these strains had two unit copies at this locus. Indeed, among the LAM family tubercle bacilli evaluated, the combination of a MIRU2 copy number of 2 and a MIRU40 copy number of 1 was a signature restricted to 98% of RD Rio strains; this combination may be helpful in the future to identify additional isolates within databases listing MIRU-VNTRtyped LAM strains. On the basis of the MIRU-VNTR results, the RD Rio and WT strains that shared the LAM4, LAM5, LAM6, or LAM9 spoligotype were clearly distinguished from each other, arguing that spoligotype convergence was masking the actual phylogenetic separation of these strains.
To illustrate the genotype-based segregation of the RD Rio and WT LAM groups by MIRU-VNTR, an MST was constructed from 113 different MIRU-VNTR patterns representing 174 M. tuberculosis LAM strains (Fig. 4) . The MST segregated the MIRU-VNTR patterns from WT LAM strains into a separate offshoot from the RD Rio isolates. There were, however, five exceptions: three WT LAM strains (from patients 110, 112, and 151) that were located in the RD Rio group and two RD Rio strains (patients 69 and 70) that were linked to the WT LAM radiation. These misclassifications are attributed to limitations in the computer program algorithm, because the MIRU-VNTR patterns of the WT LAM outliers at MIRU2 and MIRU40 clearly placed them in the correct genotypic category, while the RD Rio outlier strains were those that uniquely possessed 1 copy of the MIRU2 allele. The MST and overall MIRU-VNTR typing results clearly supported the existence of a single, now diversified RD Rio lineage that has expanded from a common progenitor, even though the MIRU-VNTR analysis did not completely correspond with the phylogenetic structure of the MST generated by the spoligotype patterns. This is an increasingly recognized limitation of the current 12-locus MIRU-VNTR system when diverse M. tuberculosis collections are considered (55 Table S4 in the supplemental material) and shared two 2-to 3-band sets running at about 5.5 to 7.0 and 2.5 to 3.5 kb, respectively. This particular 8-band pattern is very similar to an RFLP type previously reported to be the most frequently observed type in Rio de Janeiro and Rio Grande do Sul, Brazil; is nearly identical to that of a widespread strain in São Paulo, Brazil; and is known to be present in databases of isolates originating from other South American, Caribbean, European, and African countries (2, 53) . As reported by Suffys et al. (53) , the 8-band FO-like pattern was related to more than half of Brazilian RFLP types. Combined, these data support the idea that the LAM family is an important cause of TB worldwide (9) and further raise the possibility that international transmission of M. tuberculosis RD Rio strains to and from Brazil could be occurring frequently.
International spread of M. tuberculosis RD Rio strains. In a previous study, we identified four PGG2 TbD1-deleted M. tuberculosis strains that failed to amplify from the IS1561Ј locus, but the underlying basis of PCR failure was not determined (31) . These strains were isolated from patients living in The Netherlands or Djibouti. Outside the aforementioned study, we have identified an additional three strains from the United States that failed to amplify from the IS1561Ј locus. More-detailed information on these strains is published as supporting online text (supplemental material). Since we recognized that the IS1561Ј-deleted strains isolated outside of Brazil may be members of the RD Rio lineage, they were genotypically evaluated similarly to the Rio de Janeiro RD Rio strains (see Table S4 in the supplemental material). Each produced an RD Rio bridge PCR amplicon of the expected size, belonged to PGG2, had the TbD1 deletion, showed a LAM spoligotype signature, and had a MIRU-VNTR profile with 2 copies of the MIRU2 allele and 1 copy of the MIRU40 allele. Hence, every one of the international strains possessed each of the defining genotypic criteria of an M. tuberculosis RD Rio strain. Notably, the spoligotype and MIRU-VNTR profiles of each epidemiologically linked pair were indistinguishable, and the MIRU-VNTR types of several of the international strains were either identical or very similar to the proposed MIRU-VNTR profile of the RD Rio progenitor strain (see Table S7 in the supplemental material). Indistinguishable IS6110-RFLP profiles were found for the epidemiologically linked strain pairs from a zookeeper and bonobo monkey as well as from a mother and son (data not shown). The IS6110-RFLP patterns of all six strains isolated in The Netherlands and the United States were also similar to the FO 8-band pattern (data not shown). Although the number of international RD Rio strains in this study is limited, these data provide evidence of direct transmission of RD Rio strains and of the potential of the RD Rio genotype to cause primary progressive TB and to evolve a multidrug-resistant phenotype. These data also point to the ongoing dissemination of M. tuberculosis RD Rio strains outside of Brazil, elevating in importance the potential contribution of this lineage to the worldwide TB burden.
Microbiological quantitation and retrospective patient record reviews. Previous studies have reported that TB caused by the Beijing lineage was associated with multidrug resistance, coinfection with HIV, homelessness, and institutional (e.g., hospital or prison) transmission (11, 17, 32) . To evaluate for Rio patient strain numbers are lightly shaded and boxed; WT LAM patient strain numbers have dark shading; and WT non-LAM patient strain numbers are neither shaded nor boxed. Note that the clonal strains in each separate pair from patient 315 are identical to each other, as are the two strains from patient 38. Interestingly, the IS6110-RFLP types from patient strains 64 and 86 were indistinguishable, and their MIRU-VNTR types were identical, but their spoligotypes differed by 1 spacer (see Table S4 in the supplemental material), suggesting that either they may not in actuality form a directly linked cluster or they may represent an example of strains evolving during transmission. The phylogenetic tree was constructed using Bionumerics software, and the similarity of hybridization patterns was calculated by the Dice coefficient; the Pearson correlation Opt value was 4.00% (range, 0.0% to 100%). Rio strains showed similar rates of drug resistance and HIV-1 coinfection (see Table S8A and B in the supplemental material). The similar percentages of HIV coinfection for WT and RD Rio TB cases (28% and 26%, respectively) are higher than the reported national rate of ϳ6.2% (66) and reflect the practice of referral of TB cases with comorbid conditions for treatment at the UH-FURJ. Homelessness and institutional transmission did not appear to be risk factors for M. tuberculosis RD Rio infection (data not shown). We also did not identify regional clustering within Rio de Janeiro when residence locations were plotted onto a map of the city (see Fig. S2 in the supplemental material), or any temporal clustering of RD Rio strains during the 20 months from which isolates were chosen (data not shown). Patients infected with M. tuberculosis RD Rio or WT strains presented to physicians with similar durations of illness, yet patients infected with M. tuberculosis RD Rio strains manifested hemoptysis (the coughing of blood) more frequently (P ϭ 0.05 by a two-sided Fisher exact test) (see Table S8B in the supplemental material). A higher proportion of patients infected by M. tuberculosis RD Rio strains also recorded a history of weight loss (P ϭ 0.09 by a two-sided Fisher exact test). When only pulmonary cases were considered, weight loss was significantly associated with M. tuberculosis RD Rio infection (P ϭ 0.04 by a two-sided Fisher exact test). Available microbiological records of all cultures with recorded colony counts and AFB-positive smears by microscopy were analyzed (see Table S8A in the supplemental material). TB caused by M. tuberculosis RD Rio strains was associated with higher bacillary loads (Ͼ200 colonies) than that caused by WT strains (P ϭ 0.04 by a two-sided Fisher exact test). In contrast, qualitative AFB smear results were similar for RD Rio and WT strains. We next restricted the clinical analyses to just pulmonary TB cases and performed multiple logistic regression analyses for hemoptysis and weight loss; age and sex were included as potential confounders. Following multivariate analyses, weight loss remained significantly associated with TB caused by M. tuberculosis RD Rio strains (P ϭ 0.005; odds ratio, 6.59; 95% confidence interval, 1.74 to 24.96) (see Table S8C in the supplemental material). Neither sex nor age was a risk factor for infection by an M. tuberculosis RD Rio strain.
DISCUSSION
We have uncovered a novel LSP that unifies a host of diverse, heretofore unlinked strains into a single major clade of the LAM family. The M. tuberculosis RD Rio strains all belonged to PGG2, showed a LAM spoligotype, and shared a MIRU40 allele copy number of 1 in their MIRU-VNTR profiles, and those that were evaluated had the TbD1 deletion and a related 8-to 13-band IS6110-RFLP fingerprint. These genotyping data combine to support the hypothesis that the RD Rio LSP was derived from a unique-event polymorphism that was thereafter inherited by descent from a single mother clone. Of potentially greatest importance, the RD Rio genotype appears to be the predominant single phylogenetically linked M. tuberculosis strain causing TB in Rio de Janeiro, Brazil.
The RD Rio LSP is itself quite interesting in that it provides a rare example of gene deletion in M. tuberculosis occurring as a result of homologous recombination between nonmobile protein-coding genes a great distance apart (Ͼ26.3 kb). Homologous recombination as a mechanism of deletion in M. tuberculosis has been described chiefly as an occurrence between adjacent IS6110 elements or multicopy tandem repeat elements (18) . Indeed, it has been established previously that allelic exchange in M. tuberculosis is more efficient when a long DNA fragment (Ͼ4 kb) is used as the recombination substrate (18) . The thought is that short DNA sequences do not efficiently induce recombination because of infrequent positioning and because a minimal degree of overlapping homologous DNA sequence may be required, i.e., ϳ1.3 kb (the length of IS6110), in order to establish an energetically stable association that will spur either spontaneous or RecA-mediated recombination (18) . Given the short region of perfect homology (158 bp) between Rv3346c and Rv3355c, as well as the significant distance between these genes, the RD Rio LSP is likely a rare chance product. Homologous recombination between nonmobile genes therefore provides a new mechanism for generating M. tuberculosis variants with potentially advantageous phenotypes (40) .
The diversity of spoligotype families in Rio de Janeiro that we observed in this study is consistent with a racially diverse and mixed open society with multiple introductions of competing clonal types from abroad. The majority of isolates were of the modern PGG2 or PGG3 Euro-American major phylogeographical lineage (23) , consisting primarily of the LAM, Haarlem, and T spoligotype clades-the major genotypic families most frequently found in Africa, Europe, Central America, and South America (9) . A detailed look at the SITVIT database (see Materials and Methods) revealed that T and T-like, LAM and LAM-like, and Haarlem and Haarlem-like spoligotypes account for 16.7%, 15%, and 12.1% of M. tuberculosis isolates worldwide, respectively (N. Rastogi, personal communication). Although most often noted, and thus far the focus of greatest research interest, the Beijing and Beijing-like spoligotypes account for just 10.3% of M. tuberculosis strains globally. Because the T clade classification includes a number of phylogenetically distinct subgroups, the LAM lineage (at 15%) may well be the single M. tuberculosis genetic family causing the greatest proportion of TB cases in the world. Whereas the Beijing, Haarlem, and EAI families have been validated by other investigators (19) , the LAM family has remained less well defined as a phylogenetic clade (50) and is disproportionately understudied relative to its potential importance. Indeed, as many as 50% of strains in South America are estimated to belong to the LAM family (9), while LAM strains were responsible for 58% of infections in Rio de Janeiro in the sampling described here. Hopefully, studies such as this will raise the profile of the LAM family and make it a focus of greater research attention.
The diversity of existing fingerprint signatures of LAM strains is also one possible reason why the TB epidemic caused by M. tuberculosis RD Rio strains in Rio de Janeiro has gone unrecognized until now. Although the basic Beijing spoligotype (ST-1; absence of spacers 1 to 34) is the signature most often described and is the highest-ranked single shared type in the SpolDB4 international spoligotyping database, several LAM signatures are also among the most highly represented spoligotypes; LAM9 (ST-42) is ranked 4th after T1 (ST-53) and Haarlem3 (ST-50), while LAM1 (ST-20) ranks 8th, LAM3 (ST-33) ranks 12th, and LAM2 (ST-17) ranks 13th overall among single M. tuberculosis spoligotypes in SpolDB4 (9) . The identification of the RD Rio LSP allowed us to subdivide the LAM family in a new way, along separate major LAM93LAM3 and LAM93LAM13LAM2 evolutionary tracts. These spoligotypes have also been identified in substantial numbers in other countries of the Americas, as well as in Europe and Africa (9) . Because all LAM1 and LAM2 strains in this study were exclusively RD Rio strains, these data suggest that RD Rio strains are not restricted to Brazil but are actually circulating worldwide, possibly in significant numbers, a notion supported by our identification of RD Rio strains from countries outside of Brazil. In addition, epidemiological studies describing TB in Caribbean countries have provided MIRU-VNTR profiles for LAM strains identical to the prototype for an RD Rio isolate at MIRU2 and MIRU40 (51) . Clearly, the distribution of M. tuberculosis RD Rio strains worldwide, as well as the relative impact of this novel genotype on the global TB burden, needs to be established.
As with the LAM family, Beijing genotype strains are disseminated globally, but because the latter are much more stable in their spoligotype and MIRU-VNTR patterns, they are thought to have expanded rapidly from a recent common ancestor (6, 59) . By comparison, the rich diversity in fingerprint patterns of LAM strains in Rio de Janeiro observed in this study leads to the hypothesis that the LAM family has had a relatively long history of circulation in Brazil. Given the prevalence of the LAM family in Southern Europe and around the Mediterranean basin, it has been suggested that the presence of the LAM lineage in South America and the Caribbean may be linked to early post-Columbus European colonial history, particularly that of the Spanish Empire (8) . For the RD Rio strains, significant microevolution has occurred in direct-repeat, MIRU-VNTR, and IS6110-RFLP patterns as well, indicating that the RD Rio LSP arose as a temporally distant genetic event in an ancestral M. tuberculosis clone now endemic in Rio de Janeiro. Whether the original RD Rio strain evolved in Brazil from a WT LAM9 strain and is now disseminating beyond South America or whether it emerged elsewhere and was imported to Brazil independently of other WT LAM M. tuberculosis strains remains to be determined. The relatively high prevalence of RD Rio strains in Rio de Janeiro (30%) may stem from inherent genetic or phenotypic properties lending a specific selective advantage and/or may be the result of founder effects, having been introduced early and in the absence of other competing genotypes.
Two of the genes lost in the derivation of the RD Rio LSP were PPE genes (PPE55 and PPE56). Of note, antigenic variation is among the putative functions assigned to PE/PPE protein family members (13) . Indeed, PE/PPE genes have been reported to be the main source of variation between M. tuberculosis strains and other MTC species in whole-genome comparisons (21) and are known to be overrepresented among the MTC genomic LSPs detected to date (21, 44, 47) . Some PPE genes have been shown to be independently deleted or modified in multiple MTC species and lineages of M. tuberculosis (31) : (i) PPE55 and PPE56 have been lost in Mycobacterium microti and Mycobacterium pinnipedii as a result of the MiD3 LSP and in M. bovis strain AF2122/97 via frameshifting (24, 31) ; (ii) a PPE55 fragment has been shown to be highly polymorphic in "M. canettii" (31) ; and (iii) the PPE55 gene is disrupted by an IS6110 element in a sublineage of the Cameroon M. tuberculosis family (31, 44) . Moreover, PPE55 and PPE56 are known to be induced in M. tuberculosis both in vivo, in a murine model of TB (60) , and in vitro, when mycobacteria were phagocytosed by gamma interferon-activated-macrophages (61) . We therefore speculate that PPE55 and PPE56 may be mutated or lost by tubercle bacilli as a mechanism to evade immune recognition and that their deletion may have contributed to the success of the RD Rio genotype. This hypothesis is supported by the recent observation that PPE55 is an immunodominant B-cell target antigen that elicited a serologic reaction in 81 to 97% of (non-Brazilian) patients evaluated in one study (49) . As such, M. tuberculosis RD Rio infection may be a good model with which to evaluate, in natural human infection, the consequences of the loss of an otherwise immunogenic protein for the response to treatment, the severity of disease, the recurrence of infection, the proportion of dual infections, and mortality. The RD Rio deletion was most likely not detected in prior evaluations using a genome microarray approach because members of the PE/PPE gene family were excluded from the analysis (6). Our findings, together with previously noted polymorphisms (34) , underscore the need to advance investigations of the PE/PPE family.
Recent evidence supports the notion that M. tuberculosis strains with certain genotypes may be more virulent than others (3, 38) . The prevalence of RD Rio strains in the high-incidence TB area that is Rio de Janeiro suggests selective advantages of strains with this genotype in terms of their capacity to establish infection and/or their ability to produce disease. Indeed, RD Rio strains caused a disproportionately large number of genotypically clustered cases by MIRU-VNTR analysis in this study, implying that they may be spreading more effectively than WT strains in Rio de Janeiro. The higher proportion of RD Rio strains with the LAM9 spoligotype (the presumed clonal source of the RD Rio deletion) compared to WT LAM strains also supports an added evolutionary advantage to the RD Rio lineage. The success of these strains could be due to differences in gene expression of virulence factors or in immune evasion and/or may be related to the genetic, cultural, or environmental characteristics of the host population.
The relative virulence of M. tuberculosis RD Rio strains is most likely the outcome of a long, complex, and dynamic interaction between host and microbial properties rather than being solely rooted in a single breakthrough genomic deletion. New data indicate that certain well-conserved genotypes seem to prevail in areas with a high incidence of TB because they are adapted to that specific human population and maladapted to others (23) . It is believed that the successive loss of DNA in tubercle bacilli facilitates the appearance of more-successful pathogens in certain kinds of hosts (31) ; M. bovis is a prime example of an MTC species downsizing and refining its ge-nome in order to expand its host range (24) . Thus, we speculate that M. tuberculosis RD Rio strains may be specifically adapted to a Euro-Latino population of hosts. Studies to address this question are ongoing. In parts of China, as many as 90% of TB cases are caused by the Beijing family (1) , and this genotype is rapidly emerging in new host populations as relatively homogeneous clonal types (59) . Therefore, the 30% prevalence of RD Rio strains that we observed in this study may reflect a rate that is on the rise and has not yet reached its peak. Alternatively, because Brazil is populated by persons of diverse and admixed ethnic and geographical origins, the 30% prevalence of RD Rio strains (of various subclonotypes) may reflect a state of static equilibrium between M. tuberculosis RD Rio strains and susceptible hosts in Rio de Janeiro. Further studies are needed to resolve this issue. Indeed, specific LSPs distinguish the Beijing family and its sublineages and may have had positive adaptive consequences (23, 35) . A large gene deletion in M. tuberculosis was also recently shown to confer immune evasion through the induction of the anti-inflammatory cytokine interleukin-10 (43). In the case of the RD Rio LSP, the shedding of the two PPE genes may have been a microbial mechanism to adapt to the immunogenetic background of the human host population and thus allow the tubercle bacilli to evade immune recognition.
Simultaneous infection with multiple M. tuberculosis strains is known to occur at low frequencies (63) , and one appealing theory put forth recently posits that, in mixed-strain infections, the second strain is more virulent, allowing it to evade the immune response brought to bear on the first strain. In this study, we confirmed one case of mixed RD Rio and WT infection and noted an additional two possible cases. Mixed-strain infections have the potential to confuse the interpretation of molecular epidemiological data. However, the dual infections we identified were found by screening isolates for both the RD Rio LSP and the original intact locus; mixed infections that included a Beijing strain were similarly identified by targeting a Beijing-specific RD locus by PCR (63) .
Medical-chart reviews did not detect specific risk factors for M. tuberculosis RD Rio infection, such as drug resistance, HIV coinfection, homelessness, or exposure within medical institutions or prisons. Despite the finding that patients infected with a WT or RD Rio strain had similar durations of illness prior to presentation, we noted several trends that suggested that infection with an RD Rio strain may cause a "more severe" form of TB. M. tuberculosis RD Rio -infected patients had greater hemoptysis, increased weight loss, and higher bacterial loads in their sputa. Higher CFU counts are known to indicate accelerated bacterial multiplication in vivo (38) and may increase the rate of transmission, given that TB cases with positive AFB smears are more infectious than respiratory smear-negative cases (39) . Our findings further suggest that transmission of RD Rio strains remains an actively ongoing process. The capacity of RD Rio strains to transmit and cause disease is underscored by two epidemiologically linked transmission pairs in the international collection (i.e., transmission from a zookeeper to a bonobo and from an adult child to his mother). Although important for hypothesis building, the trends noted above should be interpreted with caution, because medical records were available for review in only 46% of WT cases and 49% of RD Rio cases. Nonetheless, the indicators from the limited patient chart reviews do suggest that RD Rio strains may cause a "more severe" form of TB, while the higher sputum colony counts may be a marker of increased transmissibility. However, in contrast to our proposed hypothesis, one could easily suggest several other potential explanations for these data that contraindicate a heightened virulence of RD Rio strains. Of particular note is the lack of a standardized volume for sputum specimens inoculated onto LJ slants for CFU quantitation. However, the volume of sputum may be an indicator of infectiousness either because of greater ease of sputumproductive cough and/or for heightened aerosol generation. Given these issues, a prospective study involving more patients is currently under way to better ascertain the true clinical features and risk factors of infection with M. tuberculosis RD Rio strains. Despite the bias that may have been introduced in this study by the small sample size and reliance on a retrospective clinical and microbiological review, we interpret the genetic data and trends in patient data to suggest that M. tuberculosis RD Rio strains may be more pathogenic and possibly more infectious than WT strains. The finding that similar proportions of RD Rio and WT TB patients received care at the UH-FURJ and City Health Clinic centers suggests that no overt bias was introduced simply by a spurious culture sample selection. Likewise, RD Rio strains neither clustered in time over the 20 months studied nor segregated to a specific area in Rio. The latter findings support the notion that RD Rio strains indeed are dispersed throughout the city and are responsible for a large proportion of the TB burden. Additional prospective population studies incorporating comprehensive reviews of patient data, as well as laboratory infection experiments, will be necessary to determine the relative virulence of RD Rio strains compared to other M. tuberculosis genotypes. Nonetheless, the potential importance of the RD Rio clade within the LAM family is underscored by the finding that the M. tuberculosis LAM clade contributes as much as 50% of the TB burden in South America and is prevalent in the Caribbean, in Mediterranean regions, and in parts of Africa (9) .
In conclusion, this study provides a first impression of the M. tuberculosis population structure in Rio de Janeiro by a combined genotyping approach. This will serve as a platform for molecular epidemiological studies of the microevolution of endemic strains and the impact of persistent ancestral clones. The genetic definition of the M. tuberculosis RD Rio genotype will aid in the identification of further isolates outside of Brazil and allow us to dissect the clinical, epidemiologic, and phenotypic traits unique to this breakthrough clade of strains.
